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Introduction 

The  immediate  objective  of  the  studies  funded  by  this  grant  is  to  define  the  neuregulin-mediated 
interactions  that  enhance  myelin  preservation/repair  in  the  spinal  cord  following  TMEV  injection 
through  testing  of  the  hypothesis  that  neuregulins  invoke  erbB  signaling  and  protects  the  central 
nervous  system  (CNS)  by  limiting  Theiler's  virus-induced  pathology  and  triggering  myelin  repair 
processes.  Two  animal  models  will  be  utilized  in  these  studies.  In  the  first  model,  we  will  utilize 
animal  that  have  not  been  genetically  engineered  and  examine  the  earliest  events  after  injection 
of  TMEV  into  the  spinal  cords  of  mice.  The  effect  of  increased  or  decreased  erbB-mediated 
signaling  on  these  early  events  will  also  be  defined.  The  second  animal  model  will  utilize  tissue- 
specific  inducible  knockout  mice  that  are  lacking  either  erbB2,  EGFR1  (also  known  as  erbBI)  or 
both  erbB2  and  EGFR.  We  will  examine  the  effects  of  loss  of  these  genes  on  myelin  gene 
products  and  repair  of  the  demyelinating  lesions.  The  data  obtained  from  the  studies  in  this 
proposal  will  provide  insight  into  the  mechanisms  responsible  for  repair  of  the  CNS  after  virus- 
induced  damage.  These  studies  are  the  first  to  examine  the  role  of  neuregulins  and  their 
receptors  in  a  model  of  virus-induced  damage  of  the  CNS.  A  greater  understanding  of  the 
mechanisms  involved  in  repair  of  the  CNS  will  allow  us  to  develop  and  refine  strategies  for  the 
treatment  of  humans  with  demyelinating  disease. 

Body 

Generation  of  recombinant  adenovirus  vectors  expressing  glial  growth  factor  (GGF),  glial  growth 
factor-2  (GGF-2)  and  sensory  motor  derived  factor  (SMDF).  As  there  was  a  delay  in  obtaining 
final  clearance  to  utilize  animals,  we  first  focused  on  the  generation  of  the  recombinant 
adenovirus  vectors  that  express  a  variety  of  neuregulin  isoforms  (required  for  Aim  3  of  the 
grant).  Performing  this  task  (while  not  originally  slated  as  part  of  the  first  year  of  the  grant) 
permitted  us  to  move  forward  on  the  grant  while  waiting  for  animal  approval.  GGF,  GGF2,  and 
SMDF  clones  were  obtained  and  subcloned  into  a  shuttle  vector  (Dual  CCM-CMVeGFP).  The 
cloned  inserts  are  shown  below.  Lane  4  is  positive  for  the  GGF2  vector,  all  lanes  positive  for 
SMDF  and  lane  3  positive  for  GGF.  This  was  then  inserted  into  the  adenoviral  genome.  A 
preliminary  stock  was  generated  and  then  a  high-titer  stock  produced.  To  date,  we  have  high 
titer  stocks  (2  x  1011"12  pfus/ml;  minimum  of  5  mis)  of  each  of  the  adenoviral  constructs.  We  are 
beginning  to  characterize  these  stocks  in  vitro  and  they  are  ready  to  use  in  animals. 
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Optimization  of  real-time  RT-PCR  to  detect  alterations  in  myelin  gene  transcripts. 

We  designed  a  battery  of  real-time  PCR  primers  specific  for  the  transcripts  of  various  myelin 
genes.  The  genes  of  interest  are:  peripheral  myelin  protein-22  (PMP),  myelin  protein  zero 
(MPZ),  proteolipid  protein  (PLP),  myelin  associated  glycoprotein  (MAG),  Krox-20  (KROX)  and 
myelin  basic  protein  (MBP).  Using  spinal  cord  and  brain  from  mice  that  were  infected  with 
TMEV  (intracerebral  infection,  not  localized  spinal  cord  injection),  we  isolated  RNA  and 
examined  the  difference  in  the  level  of  mRNA  transcripts  in  each  of  the  above-described  genes, 
using  GAPDH  as  a  housekeeping  gene.  Because  we  used  the  entire  spinal  cord  (not  just  the 
lesioned  area)  the  results  are  diluted  relative  to  what  is  occurring  at  the  lesion  site.  Transcript 
levels  in  infected  control  mice  were  reduced  relative  to  the  uninfected  control  samples.  All  data 
are  expressed  as  the  fold-change  over  a  calibrator  sample  +  the  standard  error  of  the  mean.  In 
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addition,  transcript  levels  of  MAG  were  significantly  reduced  in  the  infected  spinal  cord 
compared  to  the  control  (t-test;  p<0.05).  Note  that  these  studies  utilized  long-term  (~6  month 
infected)  infected  banked  tissues  and  do  not  reflect  what  may  occur  early  in  infection. 


Transcript 

Uninfected  Brain 

Infected  Brain 

Uninfected  Spinal  Cord 

Infected  Spinal  Cord 

PMP 

0.99  +  0.17 

0.76  +  0.80 

1.78  +  0.46 

1.05  +  0.06 

MPZ 

0.50  +  0.26 

0.16  +  0.05 

2.01  +  0.93 

1.36  +  0.15 

PLP 

1.03  +  0.15 

0.62  +  0.06 

1.28  +  0.38 

0.47  +  0.03 

MAG 

0.99  +  0.26 

0.38  +  0.06 

1.13  +  0.24 

0.26  +  0.17* 

KROX 

0.82  +  0.14 

1.28  +  0.38 

2.39  +  1.05 

2.00  +  0.15 

MBP 

0.84  +  0.12 

0.87  +  0.10 

1.38  +  0.35 

0.90  +  0.08 

3  samples/group 


We  have  begun  to  examine  these  transcripts  at  the  lesion  site,  using  the  model  of  direct  TMEV 
injection  into  the  spinal  cord.  TMEV  was  injected  directly  into  the  spinal  cord  of  SJL/J  mice  and 
animals  were  sacrificed  at  various  timepoints  post-injection.  The  time-frame  examined  was 
from  2-72  hours  after  injection.  We  dissected  out  the  injection  site,  isolated  RNA  and  performed 
real-time  PCR.  The  results  of  the  PLP  real-time  are  shown  below: 


2  4  12  24  48  72 

Time  (hours  post-injection) 


We  observed  a  large  increase  in  the  level  of  PLP  transcripts  within  24  hours  of  injection  of  virus 
into  the  spinal  cord.  Given  the  results  using  the  whole  spinal  cord  homogenates  (see  table, 
above)  this  was  surprising.  We  are  in  the  process  of  repeating  these  studies  to  confirm  these 
data,  but  there  are  several  possibilities  for  the  ‘disconnect’  between  these  data  and  the  whole 
spinal  cord  results.  1 )  There  could  be  a  short  period  of  time  immediately  after  insult  when  the 
host  attempts  to  invoke  repair  mechanisms  in  the  CNS  by  upregulating  the  production  of  a 
various  myelin  transcripts.  2)  The  use  of  the  long-term  infected  mice  could  reflect  a  time-point 
past  which  these  mechanisms  could  be  harnessed.  3)  There  could  be  areas  of  the  spinal  cord 
where  transcripts  are  down-regulated  during  the  pathogenesis  process  and  these  areas  are 
‘diluting’  the  effects  observed  at  the  lesions  site.  Currently,  we  favor  the  first  option,  although 
further  studies  will  be  required  to  confirm  this. 


We  have  also  tested  the  MPZ  primers  in  these  samples.  MPZ  is  not  expected  to  be  altered  in 
the  CNS  as  it  is  primarily  expressed  in  the  peripheral  nervous  system.  As  expected,  no 
significant  changes  in  MPZ  transcript  levels  were  detected  over  the  timecourse. 


The  primary  virus  burden  is  localized  to  demyelinated  areas  of  the  spinal  cord.  We  examined 
the  distribution  of  the  demyelinating  lesions  relative  to  the  location  of  virus  early  in  infection  (day 
4  after  injection  of  virus  into  the  spinal  cord).  If  virus  localized  to  the  areas  of  the  spinal  cord 
lacking  in  myelin,  then  it  would  be  appropriate  to  postulate  that  early  phases  of  demyelination 
could  be  due  to  direct  damage  of  the  myelin  by  the  virus.  If  there  was  demyelination  observed, 
but  virus  could  not  be  localized  to  these  areas,  then  we  would  postulate  that  the  damage  to  the 


myelin  was  either  the  result  of  a)  injection  trauma  or  b)  indirect.  Double  immunohistochemical 
staining  was  performed  using  a  polyclonal  antisera  to  TMEV  and  an  antibody  reactive  to  mouse 
myelin.  Differentially-labeled  detecting  antibodies  permitted  us  to  stain  sections  simultaneously 
with  both  antibodies.  The  secondary  antibody  used  for  the  myelin  antibody  was  Alexa-Fluor  568 
labeled  (green;  far  left  panel,  below)  and  the  secondary  antibody  used  for  the  virus  was  Alexa- 
Fluor  488  labeled  (red,  middle  panel,  below).  As  shown  in  the  merge  image  (green  and  red,  far 
right  panel,  below)  TMEV  is  found  in  the  spinal  cord  in  an  area  devoid  of  myelin.  Virus  is 
localized  to  areas  without  intact  myelin,  supporting  the  hypothesis  that  virus  infection,  not 
trauma  or  an  indirect  effect,  leads  to  demyelination  in  this  model.  Further  supporting  this 
conclusion  is  the  preliminary  finding  that  mice  injected  with  UV-inactivated  virus  do  not 
experience  a  loss  of  myelin  as  determined  by  immunohistochemistry. 


Macrophages/microglia  are  the  cells  harboring  the  primary  viral  burden  in  the  spinal  cords  of 

TMEV  injected  mice.  The  lesion  sites  were  examined  to  determine  what  cell  type  harbored  the 
majority  of  virus  in  the  newly  formed  lesions  in  the  spinal  cords  of  mice  injected  with  TMEV.  As 
the  primary  reservoir  of  virus  in  the  model  of  demyelination  that  develops  following  intracerebral 
infection  are  phagocytic  cells  (1),  we  performed  double  immunostaining  using  antibodies  to 
TMEV  and  F4/80,  a  marker  of  macrophages  and  microglia,  the  primary  phagocytic  cells  in  the 
CNS.  In  these  experiments,  virus  fluoresces  red  (Alexa-Fluor  488  labeled  secondary  antibody) 
while  cells  positive  for  F4/80  appear  green  (Alexa-Fluor  568  labeled  secondary  antibody).  The 
far  right  panel  shows  the  merged  images  of  the  green  F4/80  staining  and  red  TMEV  staining. 
The  yellow  staining  is  indicative  of  cells  positive  for  both  virus  and  F4/80. 


On  the  left,  we  utilized  immunostaining  for 
virus  (red)  and  a  marker  of  neuronal  cells  to 
assess  whether  neurons  could  be  a  reservoir 
of  TMEV.  Previous  work  has  shown  that  in 
the  early  encephalitic  stages  of  the  disease, 
neurons  are  positive  for  virus.  In  our  studies 
no  overlap  was  observed  between  virus  and 
neurons. 


T  cells  infiltrate  the  spinal  cords  of  mice  that  have  been  directly  injected  with  TMEV. 
Immunostaining  was  also  used  to  determine  whether  cells  of  the  adaptive  immune  system  are 
attracted  to  the  site  of  damage  following  direct  injection  of  TMEV  into  the  spinal  cord.  This  is 
important,  as  one  of  the  key  characteristics  of  human  multiple  sclerosis  is  that  T  cells  infiltrate 
the  site  of  damage.  In  this  experiment,  we  examined  tissues  for  the  presence  of  either  CD4+ 
(helper)  or  CD8+  (cytolytic)  T  cells.  As  demonstrated  below,  within  5  days  of  injection,  both 
CD4+  T  cells  and  CD8+  T  cells  have  infiltrated  the  lesion  site. 


.  •  t 
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Tissue  Collection.  The  majority  of  studies  in  this  proposal  require  the  collection  of  a  large 
number  of  spinal  cord  sections.  This  has  been  a  significant  focus  of  our  efforts  over  the  last  few 
months.  Due  to  the  technical  aspects  of  these  intraspinal  cord  injections,  the  PI  is  performing  all 
of  these  injections. 

TMEV  replicates  in  the  spinal  cord  after  intraspinal  cord  injection.  To  test  whether  TMEV 
replicated  at  the  lesion  site,  we  injected  SJL/J  mice  into  the  spinal  cord,  and  sacrificed  the 
animals  at  various  timepoints  post-injection  to  measure  viral  load  by  plaque  assay.  As  shown  in 
the  figure  below,  TMEV  replicates  within  the  lesion  site  over  several  days,  indicating  that  a 
production  infection  occurs. 
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Key  Research  Accomplishments 

1 .  Recombinant  adenoviral  vectors  expressing  three  isoforms  of  neuregulins  have  been 
produced  and  are  in  the  process  of  being  tested. 

2.  Spinal  cord  blocks  from  transgenic  and  non-transgenic  animals  are  being  collected 
for  further  characterization 

3.  Real-time  RT-PCR  primers  for  myelin  transcripts  have  been  designed,  tested,  and 
some  preliminary  experiments  have  been  performed. 

4.  We  have  identified  macrophages  as  the  primary  immune  cell  type  infected  with  virus. 

5.  Real-time  RT-PCR  primers  have  been  designed  for  erbB2,  erbB3  and  EGFR. 

6.  Replicating  virus  has  been  isolated  from  the  spinal  cords  of  injected  mice. 


Reportable  Outcomes 

Medical  Student  Fellowships: 

Two  medical  student  fellowships  have  been  awarded  to  pursue  this  research.  These  medical 
students  will  be  working  on  the  research  during  the  summer  of  2008: 

Allison  Lindquist  (Ml),  recipient  of  a  $3,000  research  fellowship  from  the  Dean’s  Research  Fund 
for  a  proposal  entitled  “Role  of  Neuregulins  in  Myelin  Preservation  and  Repair  in  the  Central 
Nervous  System” 

Jonathan  Lindquist  (Ml),  recipient  of  a  $3,000  research  fellowship  from  the  Nebraska  Medical 
Foundation  for  a  proposal  entitled  “The  Roles  of  ErbB2  and  EGFR  in  the  Development  of 
TMEV-Induced  Lesions” 

Publications: 


Drescher  KM  and  Sosnowska  D  (2008)  Being  a  mouse  in  a  man’s  world:  what  TMEV  has  taught 
us  about  human  disease.  Frontiers  in  Bioscience  13:  3775-3785. 

Awards: 


Drescher  KM  and  Tracy  SM.  A  Model  of  Demyelination  that  Permits  the  Study  of  Early  Phases 
of  Lesion  Development.  October  2007.  Creighton  University  Faculty  Club:  Innovation  in  Basic 
Science  and  Clinical  Research.  Third  Place. 

Conclusions 

We  have  obtained  the  recombinant  adenovirus  constructs  that  will  be  used  in  the  third  specific 
aim  of  the  grant  and  have  begun  in  vitro  characterization  prior  to  their  use  in  animals.  In 
addition,  we  have  made  progress  toward  collecting  the  tissues  that  will  be  used  in  to  perform  the 
immunohistochemical  studies  outlined  in  specific  aims  1  and  2.  We  have  demonstrated  that 
TMEV  injection  of  the  spinal  cord  induces  demyelination  and  replication  of  the  virus.  The 
primary  contributor  of  demyelination  is  virus  infection,  not  trauma.  We  have  begun  to 
characterize  the  changes  in  myelin  gene  transcription  in  non-transgenic  mice  injected  with 
TMEV.  We  have  also  treated  a  large  number  of  tissue  specific  conditional  knockout  mice  with 
tamoxifen;  these  mice  are  being  used  for  lesion  characterization.  Real-time  RT-PCR  primers  for 
erbB2,  erbB3  and  EGFR  have  also  been  designed  and  are  in  the  process  of  being  tested. 


Despite  issues  in  hiring  and  a  delay  in  obtaining  final  animal  approval,  we  have  made  significant 
progress  towards  the  goals  of  the  grant. 
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1.  ABSTRACT 

Choosing  an  appropriate  animal  model  to  study  a 
disease  is  guided  by  a  variety  of  factors  including  but  not 
limited  to  the  questions  being  asked,  availability  of 
reagents,  knowledge  of  the  animal  species,  personal  biases 
of  the  researcher,  and  in  some  cases,  cost  and  availability  of 
facilities  to  effectively  investigate  the  model.  The  validity 
of  an  animal  model  can  be  further  complicated  when  the 
etiology  of  the  disease  is  incompletely  defined.  Examples 
of  these  diseases  include  multiple  sclerosis  (MS)  and  type  1 
diabetes  (T1D).  In  addition  to  host  genetics, 
epidemiological  studies  have  implicated  infectious  agents, 
in  particular  viruses  as  triggers  of  these  diseases.  Thus 
many  studies  of  these  diseases  have  focused  on  modeling 
the  interactions  of  viruses  and  the  host  immune  response  in 
vivo  in  small  animals.  Theiler’s  murine  encephalomyelitis 
virus  (TMEV)  infection  of  mice  has  been  used  for  over  30 
years  as  a  model  of  virus-induced  demyelination.  TMEV 
induces  a  MS-like  disease  in  susceptible  strains  of  mice  but 
does  not  cause  pathology  in  humans.  While  some 
researchers  may  question  the  rationale  for  using  a  non¬ 
human  pathogen  to  model  human  disease,  the  TMEV 
model  of  central  nervous  system  (CNS)  demyelination  has 
pennitted  study  of  some  aspects  of  human  MS  which 
would  have  been  difficult  to  address  in  other  models  of  the 
disease.  Despite  being  ‘merely  a  disease  of  mice,’  many  of 
the  findings  in  the  Theiler’s  virus  model  are  directly 
applicable  to  the  human  condition,  and  studies  from  the 
model  are  responsible  for  our  current  understanding  of 
mechanisms  of  pathology  and  clinical  disability  in  human 
MS.  In  this  review  we  will  present  some  of  the  key 
findings  from  the  TMEV  model  in  the  context  of  human 
disease. 


2.  AN  OVERVIEW  OF  THE  THEILER’S  MODEL  OF 
DEMYELINATING  DISEASE 

Theiler’s  murine  encephalomyelitis  virus 
(TMEV)  is  a  positive-stranded  RNA  virus  belonging  to  the 
family  Picomavirade  (genus  Cardiovirus).  There  are  two 
subgroups  of  TMEV  -  GDVII  and  TO.  The  GDVII 
subgroup  viruses  (FA  and  GDVII)  are  highly  neuro virulent 
and  cause  necrotizing  encephalitis  and  death  in  the  murine 
host  within  7  days  of  intracerebral  (i.c.)  infection  even  at 
very  low  doses  (1 ).  Intracerebral  infection  of  mice  with  TO 
subgroup  viruses  (DA  and  Be  An)  induces  acute 
encephalitis  between  days  5  and  10  post-injection  (p.i.)  in 
all  strains  of  mice.  During  this  phase  of  infection  virus 
replicates  primarily  in  neurons  and  viral  titers  escalate 
rapidly  (2).  Within  two  weeks  of  infection,  virus  is  cleared 
from  the  gray  matter  of  the  brain.  In  mouse  strains  resistant 
to  persistent  infection  (H-2d‘  b)  (3-5)TMEV  is  effectively 
cleared  from  the  central  nervous  system  (CNS)  by  a  strong 
cytolytic  T  lymphocyte  (CTL)  response  directed  against  the 
VP2  viral  capsid  protein  (6,7).  These  animals  recover  and 
experience  no  obvious  functional  deficits  as  a  result  of  the 
infection.  Some  strains  of  mice  are  unable  to  efficiently 
clear  virus  from  the  CNS  and  a  persistent  infection  is 
established  in  the  white  matter  of  the  brain  and  spinal  cord, 
where  demyelination  and  chronic  inflammation  develops. 
The  infiltrate  is  comprised  of  CD4+  T  cells,  CD8+  T  cells, 
B  cells,  and  activated  microglia/macrophages  (8).  Low- 
levels  of  virus  can  be  detected  in  oligodendrocytes  (9,10), 
microglia/macrophages  (2,11,12),  and  astrocytes  (10).  In 
the  BeAn  strain  the  macrophages  are  the  main  reservoir  of 
virus  in  chronically  infected  mice  (11).  Despite  the  high 
degree  of  sequence  homology  between  DA  and  BeAn  (13), 
the  disease  observed  in  DA-infected  mice  is  distinct  from 
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BeAn-induced  disease.  DA-infected  mice  have  higher 
levels  of  spinal  cord  demyelination,  increased  functional 
deficits,  higher  levels  of  virus-specific  RNA  and  protein, 
and  lower  levels  of  TMEV-specific  antibody  compared 
to  BeAn-infected  animals  (14). 

The  initial  demyelination  in  the  TMEV  model 
is  due  to  direct  viral  damage  to  the  myelin-producing 
oligodendrocyte.  Ongoing  chronic  demyelination  is 
attributed  to  the  development  of  autoimmune  responses 
to  previously  sequestered  self-epitopes,  a  phenomenon 
known  as  epitope  spreading  (15-17).  Clinical  signs  of 
chronic  TMEV  infection  are  similar  to  those  observed  in 
patients  with  chronic  progressive  MS.  These  include 
spasticity,  incontinence,  weakness  of  the  extremities,  and 
eventually  paralysis  (2,18).  Akin  to  the  oligoclonal 
bands  found  in  the  cerebrospinal  fluid  (CSF)  of  MS 
patients,  i.c.  infection  of  susceptible  strains  of  mice  with 
TMEV  results  in  intrathecal  antibody  production  (19). 

The  wide  availability  of  mutant  and  knockout 
mice  has  permitted  the  study  of  the  contribution  of 
various  immune  system  components  on  susceptibility  or 
resistance  to  demyelination  (20-31),  neuronal  damage 
(20,21,32-34),  and  in  some  cases,  death  of  the  host 
(24,32,35).  Mice  lacking  adaptive  immune  systems  die 
within  two  weeks  of  i.c.  infection  even  when  on  a  genetic 
background  that  is  resistant  to  infection  (32,35,36).  In 
addition,  some  immune  component  deficiencies  may 
result  in  altered  patterns  of  brain  pathology  in  the  acute 
phases  of  disease  (20,21,32).  While  Theiler’s  virus 
infection  of  mice  has  been  used  primarily  as  a  model  of 
demyelination,  TMEV  infection  of  mice  has  been  used  to 
explore  many  more  scientific  questions  beyond  modeling 
MS.  TMEV  infection  of  mice  has  also  been  successfully 
used  to  model  T  cell  priming  and  antigen  presentation  in 
the  CNS  (17,37-41),  mechanisms  of  virus  transport  from 
the  PNS  to  the  CNS  (42-44),  and  understanding 
mechanisms  of  myelin  damage  (45)  and  repair  (46-48). 

3.  MULTIPLE  SCLEROSIS  -  A  SHORT  COURSE 

Multiple  sclerosis  is  the  most  common 
demyelinating  disease  of  the  CNS  in  humans,  with  more 
females  affected  than  males  (49-51).  The  disease  is  focal 
in  nature  and  the  lesions  contain  inflammatory  infiltrates 
consisting  of  T  cells,  B  cells,  and  macrophages  (52).  The 
disease  course  in  individuals  diagnosed  with  MS  is 
unpredictable  although  most  individuals  experience 
increasing  loss  of  function  as  time  progresses. 
Autoreactive  T  cells  have  been  identified  against  several 
myelin  components  including  myelin  basic  protein  (MBP) 
(53-55)  and  proteolipid  protein  (PLP)  (53,  56,  57).  As 
most  studies  have  focused  on  individuals  after  diagnosis, 
the  contribution  of  the  autoreactive  T  cells  to  disease  onset 
is  murky. 

The  etiology  of  MS  is  unknown,  but  both  host 
genetics  and  environmental  factors  are  likely  involved  in 
disease  development  (58-64).  A  variety  of  genetic 
associations  have  been  made  between  various  HLA 
alleles  and  an  increased  relative  risk  rate  of  MS 


development  (58,  59,  65-68).  The  first  genes  implicated 
in  the  development  of  MS  were  HLA  class  I  alleles  -  key 
participants  in  the  immune  response  to  viruses  (61), 
suggesting  that  the  response  to  intracellular  pathogens 
may  be  important  in  disease  development.  In  addition  to 
particular  HLA  alleles,  polymorphisms  in  other  genes 
that  affect  immune  function  have  been  made  (69-76). 
Despite  extensive  study,  no  consensus  has  been  reached 
with  regard  to  which  genes  are  most  important  in  MS 
susceptibility.  The  results  of  the  genetic  studies  do 
support  a  role  for  multiple  genes  in  determining  MS  risk. 

While  the  risk  of  disease  development  increases 
when  a  first  degree  relative  is  affected,  genetics  alone  do 
not  adequately  explain  disease  development  (77-83). 
Long-term  studies  in  the  Faroe  Islands  in  the  decades 
following  World  War  II  and  migration  studies  have 
supported  a  role  for  infectious  agents  in  disease  onset 
(60,  62-64,  84,  85).  Since  these  original  epidemiological 
studies,  much  work  has  focused  on  identification  of 
pathogens  that  may  trigger  disease.  The  most  commonly 
implicated  class  of  pathogens  in  the  development  of  MS  is 
viruses  (86-94).  Viruses  have  been  implicated  or 
eliminated  as  causes  of  the  disease  based  on  their 
presence  or  absence  in  a  demyelinating  lesion,  or  the 
level  of  virus-specific  antibody  in  the  patient  at  or  near 
diagnosis.  Some  of  the  pathogens  proposed  as  triggers 
of  MS  include  rabies  (86,87),  human  herpes  virus  6  (95, 
96),  measles  (96-100),  adenovirus  (88-89),  parainfluenza 
type  1  (90-93,  101),  rhinovirus  (102),  and  Epstein  Barr 
virus  (94,  103,  104). 

Based  on  studies  in  the  TMEV  model  of  MS, 
mechanisms  of  demyelination  that  are  triggered  by  virus 
may  or  may  not  require  the  presence  of  viral  antigen  at 
the  lesion  site  at  the  time  of  clinical  disease  onset. 
Studies  from  the  laboratory  of  Stephen  Miller  have 
demonstrated  that  while  virus  is  required  to  initiate 
demyelination,  it  is  ultimately  the  ongoing  immune 
response  to  newly  exposed  self-epitopes  that  is 
responsible  for  the  chronic,  increased  levels  of 
demyelination  that  are  observed  (15-17).  The  specificity 
of  the  autoreactive  cells  that  develop  changes  over  time 
in  a  predictable  manner  (15-17).  Extending  these 
findings  to  the  human  disease,  one  could  postulate  that 
while  a  virus  (or  viruses)  may  trigger  the  disease  in 
humans,  it  is  long-gone  by  the  time  of  diagnosis. 

Diagnosis  of  MS  is  difficult,  as  similar 
symptoms  related  to  other  disease  conditions  must  be 
considered.  Diseases  that  must  be  excluded  include 
Lyme  Disease,  sarcoidosis,  vascular  disease,  syphilis, 
genetic  diseases,  or  structural  conditions  such  as 
herniated  disks  or  tumors  that  may  impair  nervous 
system  function.  Other  diagnostic  criteria  include  the 
presence  of  oligoclonal  bands  in  the  CSF  and 
gadolinium-enhanced  plaques  in  the  spinal  cord  and 
brain  upon  magnetic  resonance  imaging  (MRI)  (105- 
107).  Currently  lesion  activity,  as  defined  by  MRI 
visualization,  is  the  key  pathological  feature  of  MS  both 
in  diagnosis  and  in  monitoring  disease  progression. 
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4.  AXONAL  INJURY  IN  DEMYELINATING 
DISEASE.  DOES  DEMYELINATION  REALLY 
MATTER? 

4.1.  Axonal  injury  in  multiple  sclerosis 

Human  multiple  sclerosis  has  long  been 
characterized  as  a  primary  demyelinating  disease.  The 
hallmark  pathology  of  the  disease  is  a  loss  of  myelin,  with 
relative  sparing  of  the  axon  (108).  Despite  this 
categorization,  the  clinical  course  of  the  disease  is 
perplexing  because  no  firm  association  between  the  extent 
of  demyelination  lesions  and  patient  disability  has  been 
described.  This  lack  of  correlation  between  lesion  load  and 
clinical  disability  is  referred  to  as  the  clinico-radiological 
paradox  (109,110).  Until  relatively  recently,  axonal 
damage  has  been  thought  to  be  a  long-term  sequelae  that 
results  from  the  assault  on  the  denuded  axon  by  the 
immune  response  (108).  Increasing  evidence  however 
currently  suggests  that  axonal  damage  occurs  significantly 
earlier  than  previously  thought,  and  demyelination  alone  is 
not  the  cause  of  patient  disability  (108,111-116).  Axonal 
injury  results  in  axonal  transection,  a  condition  for  which 
there  is  no  treatment.  In  the  past  decade  numerous  studies 
have  demonstrated  that  at  least  in  some  instances,  axonal 
damage  occurs  in  areas  of  normal  appearing  white  matter 
of  MS  patients  (111-114). 

To  examine  whether  there  were  alterations  in 
axonal  density  in  normal  appearing  white  matter  in  patients 
with  MS,  Bjartmer  et  al.  examined  autopsy  tissue  from  a 
patient  with  acute  MS.  Using  immunohistochemical 
staining  with  an  antibody  to  neurofilament  protein  as  a 
marker  for  axons,  these  studies  demonstrated  that  there  was 
a  decrease  in  axonal  density  of  approximately  22%  in 
normal  appearing  white  matter  in  the  the  MS  patient  as 
compared  to  the  axonal  density  in  the  CNS  tissue  from 
individuals  with  no  known  neurological  pathology  (111). 
In  the  course  of  these  studies,  the  authors  also  demonstrated 
that  despite  the  significant  level  of  axonal  dropout,  myelin 
sheaths  devoid  of  axons  were  also  apparent.  These  myelin 
sheaths  were  either  intact  or  collapsed  upon  themselves.  In 
addition,  macrophages  containing  myelin  debris  were  also 
detected,  indicating  that  myelin  was  also  disrupted  (111). 
Similar  immunohistochemical  studies  have  confirmed  the 
observation  that  axonal  dropout  occurred  in  nonnal 
appearing  white  matter  in  autopsy  tissue  from  MS  patients. 
Decreases  in  axonal  density  of  up  to  65%  were  observed 
(112-114).  The  axons  at  greatest  risk  were  the  small  axons 
(113,114).  Despite  the  sex  bias  in  MS  patients,  no 
difference  in  the  level  of  axonal  dropout  has  been  reported 
between  the  sexes  (114). 

While  these  findings  were  of  interest,  these 
studies  did  not  address  whether  the  axonal  pathology  was 
old  or  relatively  recent.  To  address  this  question, 
immunohistochemical  staining  of  biopsy  tissue  from  MS 
patients  was  performed  using  amyloid  precursor  protein 
(APP)  as  a  marker  of  acute  axonal  injury  (117).  Acute 
axonal  injury  was  defined  as  damage  that  occurred  within 
the  last  month.  The  amount  of  acute  axonal  injury  varied 
with  the  subtype  of  MS  in  the  patient.  Patients  with 
primary  progressive  MS  had  reduced  levels  of  APP 


staining;  patients  with  secondary  progressive  MS  had  much 
higher  APP-positive  staining  than  other  fonns  of  MS  (117). 
APP  was  found  in  areas  of  demyelination,  remyelination, 
and  normal  appearing  white  matter  (117)  indicating  that 
axons  in  areas  undergoing  damage,  invoking  repair 
mechanisms,  and  normal  appearing  tissue  were  all 
vulnerable  to  axonal  damage. 

The  main  focus  of  treatments  used  in  MS  patients 
is  targeted  toward  reducing  lesion  activity  and  relapses  as  a 
measure  of  success  (118-122).  Given  that  significant 
numbers  of  axons  are  damaged  early  on  in  some  forms  of 
MS,  the  view  that  clinical  sequelae  can  be  prevented  if 
myelin  sheaths  can  be  repaired  relatively  quickly  after  the 
onset  of  demyelination  may  be  naive  and  outdated.  This  is 
not  to  say  that  reducing  or  repairing  demyelination  in  the 
treatment  of  MS  is  not  warranted.  As  myelination  impacts 
conduction  velocities  along  the  axon,  reduced  myelination 
most  certainly  negatively  impacts  clinical  symptoms  in  the 
patient.  However,  it  is  imperitive  that  alternative  measures 
be  used  to  assess  treatment  efficacy. 

4.2.  What  has  Theiler’s  virus  taught  us  about 
demyelination  and  axonal  injury? 

The  study  of  chronic  infection  of  mice  with 
Theiler’s  virus  has  been  used  to  demonstrate  the  disparity 
between  the  extent  of  demyelination  in  the  host  and  the 
level  of  clinical  disability.  Studies  from  this  model  first 
provided  an  experimental  model  demonstrating  that  clinical 
deficits  and  demyelination  were  independent  of  each  other 
and  ultimately  providing  a  potential  mechanism  explaining 
the  clinico-radiological  paradox  (123-126).  Using  beta2 
microglobulin-deficient  mice  on  a  background  resistant  to 
demyelination  (C57B1/6J  x  129),  Rivera-Quinones  et  al. 
demonstrated  that  demyelinating  lesions  developed 
following  intracerebral  infection  with  Theiler’s  virus  (123). 
These  beta2  microglobulin-deficient  mice,  devoid  of  both 
MHC  class  I  expression  and  CD8+  T  cells,  were  unable  to 
mount  CTL  responses  (127).  Despite  the  presence  of  these 
large  areas  of  demyelination,  spontaneous  clinical  activity 
and  hindlimb  evoked  potentials  in  the  virus-infected  mice 
were  similar  to  those  observed  in  mice  that  were  infected 
and  efficiently  cleared  TMEV  from  the  CNS  (123).  The 
retention  of  nonnal  function  in  the  TMEV-infected  beta2 
microglobulin-deficient  mice  parallels  human  cases  of 
asymptomatic  MS  (128).  TMEV-infected  beta2 
microglobulin-deficient  mice  also  had  increased  sodium 
channel  levels  in  the  CNS,  as  well  as  relatively  well- 
preserved  axons,  findings  that  would  provide  the  basis  for 
the  nonnal  evoked  potentials  measured  in  these  animals 
(123).  The  development  of  this  model  pennitted  further 
studies  on  the  role  of  CD8+  T  cell/MHC  class  I  interactions 
in  the  development  of  functional  deficits  in  demyelinating 
diseases. 

The  beta2  microglobulin  knockout  mice  have 
been  the  focus  of  intense  study  since  their  initial 
characterization  (23,  124-126).  One  possibility  for  the 
observed  differences  in  clinical  function  between  beta2 
microglobulin-deficient  mice  and  immunocompetent 
control  mice  susceptible  to  the  development  of  large  areas 
of  demyelination  and  functional  deficits  was  that  the  two 
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strains  of  mice  developed  lesions  in  different  areas  of  the 
spinal  cord.  Simply  put,  the  lesions  in  the  beta2 
microglobulin-deficient  mice,  while  large,  were  in  areas  of 
the  spinal  cord  that  were  less  critical  to  motor  function.  To 
address  this  potential  mechanism  of  clinical  function 
preservation  in  the  beta2  microglobulin-deficient  mice, 
geographic  distribution  of  the  lesions  and  the  extent  of 
remyelination  were  examined.  Beta2  microglobulin 
knockout  mice  and  SJL/J  mice,  a  strain  of  mice  that 
experience  significant  loss  of  function  following  TMEV 
infection  were  used  in  these  studies  (125).  The  hypothesis 
being  examined  was  that  the  location  of  the  demyelinated 
lesions  was  the  key  determinant  as  to  whether  clinical 
deficits  developed.  Morphometric  studies  determined  that 
both  the  lesion  size,  geographic  distribution  of  the  lesions, 
and  the  degree  of  remyelination  in  these  two  strains  of  mice 
were  similar.  Using  retrograde  neuronal  labeling  to 
measure  the  level  of  axonal  injury,  it  was  determined  that 
compared  to  beta2  microglobulin-deficient  mice,  SJL/J 
mice  had  reduced  retrograde  labeling  of  neurons  in  the 
major  motor  tracts  compared  to  the  beta2  microglobulin- 
deficient  mice  (125).  Together,  these  studies  provide 
further  evidence  for  the  hypothesis  that  demyelination  and 
axonal  damage  are  independent  of  each  other.  These 
studies  also  implicate  a  role  for  CD8+  T  cells  in  impacting 
axonal  health. 

4.3.  Mechanism  of  axonal  injury  in  the  TMEV  model 

Key  to  induction  of  CTL  response  are  that  MHC 
class  I  molecules  displaying  a  peptide  in  the  binding  cleft 
that  corresponds  to  an  appropriate  T  cell  receptor  on  a 
CD8+  T  cell.  Under  normal  conditions,  MHC  molecules 
are  not  expressed  in  the  brain  and  spinal  cord.  However, 
damage  (infection,  trauma,  physiological)  can  result  in  the 
induction  of  MHC  molecules  in  the  affected  area  (129, 
130).  Thus,  following  damage  or  infection,  CNS  resident 
cells  acquire  the  ability  to  present  antigen  to  T  cells. 
Increased  expression  of  class  I  on  the  demyelinated  axons 
in  patients  with  MS  has  been  reported,  thereby 
demonstrating  that  one  of  the  requirements  for  CTL- 
mediated  damage  to  the  axons  is  fulfilled  (131).  In  studies 
exploring  the  interactions  between  CD8+  T  cells  and 
neurons  in  an  in  vitro  setting,  the  hypothesis  that  cytotoxic 
T  cells  were  directly  responsible  for  damage  to  neuritis  was 
tested  (132).  Murine  neurons  were  pulsed  with 
lymphocytic  choriomenigitis  virus  (LCMV)-derived 
peptides  and  then  co-cultured  with  LCMV-specific  CD8+  T 
cells.  The  CD8+T  cells  attached  to  the  neuritis  and  within 
3  hours,  changes  to  the  neurite  cytoskeleton  consistent  with 
transaction  of  the  neurite  were  observed  (132).  No 
structural  abnonnalities  were  observed  in  neuritis  when 
control  peptides  or  neurons  devoid  of  class  I  expression 
were  used,  indicating  that  the  structural  changes  were  the 
result  of  antigen-specific  class-I  mediated  responses  (132). 

While  studies  in  the  beta2  microglobulin- 
deficient  mice  demonstrated  that  demyelination  and  axonal 
damage  were  not  interdependent,  they  did  not  address  the 
observation  in  human  tissue  that  there  are  damaged  axons 
in  the  nonnal  appearing  white  matter  (111-114).  The 
concept  that  axonal  injury  is  a  sequela  to  demyelination  has 
also  been  examined  in  the  TMEV  model.  Using 


nonphosphorylated  neurofilament  protein  as  a  marker  of 
axonal  damage,  studies  using  SJL/J  mice  demonstrated  that 
axonal  injury  was  detected  by  one  week  p.i.  with  the  DA 
strain  of  TMEV  (133).  At  this  time-point  in  infection  the 
majority  of  virus  was  localized  to  the  neurons.  As  the 
infection  progressed  the  number  of  nonphosphorylated  NPP 
immunoreactive  axons  increased  in  the  spinal  cord. 
Histologically  there  was  an  increase  in  the  amount  of 
axonal  swelling  in  normal  appearing  white  matter  over 
time.  These  studies  were  significant  as  they  provided 
evidence  that  axonal  injury  did  not  occur  solely  as  a 
secondary  event  following  demyelination  (133).  TMEV 
antigens  rarely  co-localized  with  axons  indicating  that 
direct  virus-induced  axonal  damage  was  likely. 
Furthermore,  similar  to  the  pathology  described  in  MS, 
empty  myelin  sheaths  were  observed  indicative  of  axonal 
degeneration  (111,133).  Using  the  highly  neurovirulent 
GDVII  strain  of  TMEV,  similar  studies  determined  that  this 
strain  of  TMEV  also  induced  high  levels  of  axonal  swelling 
and  degeneration  in  nonnal  appearing  white  matter.  As 
GDVII-infected  animals  do  not  demyelinate,  these  data 
demonstrate  the  independence  of  these  distinct  pathologies. 

Two  proteins  are  involved  in  CTL-mediated 
killing.  Perforin  is  responsible  for  the  generation  of 
channels  on  the  target  cells,  and  granzymes  enter  the  cell 
and  cause  damage  to  the  target  cell’s  DNA.  To  test  the 
contribution  of  perforin  to  axonal  degeneration  and  clinical 
deficits,  perforin-deficient  animals  on  a  C57BL/6J 
background  (that  is,  animals  that  can  mount  a  vigorous 
CTL  response  and  clear  virus)  were  infected  with  TMEV 
and  examined  six  months  later.  TMEV-infected  perforin- 
deficient  mice  developed  demyelinating  lesions  throughout 
the  spinal  cord  but  motor  function  and  large  diameter  axons 
remained  preserved  (126).  The  levels  of  function  and 
axonal  preservation  were  similar  to  those  observed  in 
immunocompetent  wild-type  mice.  In  contrast,  TMEV- 
infected  mice  with  CD4+  T  cell  deficits  experienced  similar 
levels  of  demyelination  as  the  perforin  deficient  mice  but 
also  experienced  a  loss  of  function.  In  addition,  CD4- 
deficient  mice  infected  with  TMEV  experienced  a  loss  of 
large  diameter  axons  (126).  In  these  studies,  demyelination 
alone  was  not  a  predictor  of  clinical  function  although  the 
extent  of  loss  of  large  diameter  axons  could  be  correlated  to 
clinical  disease.  Similar  to  the  in  vitro  studies 

demonstrating  the  antigen-specific  nature  of  the  CTL- 
mediated  damage  to  the  neuritis  in  vivo  studies 

demonstrated  that  depletion  of  the  VP2  121-130-specific  T 
cells  significantly  reduces  the  damage  in  the  TMEV  model 
(124). 

Because  MS  is  typically  categorized  as  an 
autoimmune  disease  the  main  focus  of  study  in  MS 

patients,  as  well  as  animal  models,  had  been  the  host 

immune  response.  Despite  the  obvious  interest  in  the 
immune  response,  the  role  of  non-immune  factors  in  the 
establishment  of  disease  has  also  been  of  great  interest. 
Recently,  the  role  of  myelin  in  the  establishment  of  TMEV 
persistence  has  been  explored.  In  these  studies  two  mouse 
strains  with  myelin  defects  were  studied  and  have  presented 
us  with  new  paradigms  to  understand  the  mechanism  of 
viral  persistence  in  this  model.  Shiverer  mice  have  a  large 
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deletion  in  the  myelin  basic  protein  gene  resulting  in 
extremely  low  levels  of  myelin  production  (134-137). 
Rumpshaker  mice  have  an  X-linked  mutation  in  proteolipid 
protein  gene  which  results  in  dysmyelination  and  increased 
numbers  of  oligodendrocytes  (138).  Even  when  infected 
with  high  doses  of  TMEV,  it  is  not  possible  to  induce  a 
persistent  infection  in  these  mouse  strains  (139).  In 
contrast,  infection  of  wild  type  control  mice  with  much 
lower  doses  of  TMEV  results  in  virus  persistence  and 
subsequent  demyelination.  These  data  cannot  be  explained 
solely  by  the  immune  response  in  the  context  of  epitope 
spreading  as  the  immune  response  to  myelin  basic  protein 
is  not  one  of  the  early  identified  self-reactivities  (16). 

To  explore  the  basis  of  this  protection  from 
persistent  TMEV  infection,  the  optic  nerve  was  used  to 
model  axon,  myelin,  and  virus  interactions  (45).  These 
studies  demonstrated  that  the  axons  of  infected  neurons  are 
a  key  component  in  permitting  infection  of  the  cytoplasmic 
channels  of  myelin.  It  was  postulated  that  the  virus 
attempts  to  gain  a  survival  advantage  in  the  host  by 
establishing  itself  in  an  environment  distal  from  the 
demyelinating  lesion,  which  is  the  main  target  of  the 
immune  response  (45).  What  is  the  relevance  of  these 
findings  in  the  context  of  human  multiple  sclerosis?  The 
data,  while  relatively  new,  provide  a  mechanism  by  which 
viruses  could  induce  MS  in  humans,  and  provide  an 
explanation  as  to  the  lack  of  viruses  that  have  been 
identified  at  the  lesion  site. 

5.  LESSONS  FROM  THE  ACUTE  PHASE  OF  TMEV 
INFECTION 

All  strains  of  mice,  regardless  of  their  genetic 
background,  experience  the  acute  phase  of  TMEV  infection 
characterized  by  high  levels  of  virus  replication  in  the 
neurons  (2,  18).  This  virus-induced  encephalitis  has 
permitted  the  study  of  the  role  of  immune  system 
components  in  protection  of  discrete  areas  of  the  brain  from 
TMEV-mediated  disease  (20,  21,  32-34).  It  has  been 
observed  in  viral  encephalitis  in  humans  that  certain  viruses 
induce  distinctive  patterns  of  pathology  in  the  brain.  For 
example,  rabies  localizes  primarily  to  the  pons  and 
medulla,  while  herpes  simplex  virus- 1  induces  disease  that 
is  localized  to  the  frontal  and  temporal  lobes  (140).  While 
one  possibility  is  that  specific  patterns  of  brain  disease  are 
related  to  virus  receptor  distribution,  the  host  immune 
response  also  appears  to  significantly  impact  where 
pathology  will  occur. 

To  examine  the  role  of  specific  immune  system 
components  on  brain  pathology,  a  series  of  mice  with 
various  immune  system  participants  knocked-out  were  i.c. 
infected  with  TMEV  and  sacrificed  at  day  16  p.i.  This 
time-point  was  chosen  as  by  this  time  virus  has  been 
cleared  from  the  brains  of  immunocompetent  mice  that  are 
capable  of  generating  CTL  responses  sufficient  to  clear 
virus  from  the  host.  Using  mice  deficient  in  MHC  class  I 
or  II,  alpha/beta  TCR  or  antibody,  it  was  demonstrated  that 
class  I-mediated  immune  responses  are  critical  in  clearing 
virus  from  areas  of  the  brain  rich  in  white  matter,  while 
areas  abundant  in  neurons  (i.e.,  gray  matter)  are  protected 


primarily  by  antibody  (32).  Given  that  white  matter  areas 
profoundly  upregulate  MHC  class  I  levels  following  virus 
insult  (141),  it  is  logical  that  protective  responses  are 
induced  that  exploit  this  arm  of  the  immune  system.  As 
neurons  less  efficiently  upregulate  MHC  after  virus 
infection,  the  dependence  on  antibody-mediated  protective 
responses  would  be  expected.  Further  studies  using  mice 
deficient  in  other  immune  systems  components  (ICAM-1, 
CD40,  IL-6)  have  supported  these  initial  observations  (20, 
21,33,34). 

The  continuous  stream  of  knockout  mice 
available  to  investigators  will  pennit  further  dissection  of 
immune  system  components  to  protection  from  virus- 
induced  damage.  Furthermore,  utilization  of  this  approach 
with  different  viruses  will  allow  us  to  determine  whether 
the  patterns  of  brain  pathology  are  unique  for  TMEV  or 
reflect  general  patterns  for  particular  classes  of  viruses. 

6.  INFECTION  OF  THE  PERIPHERAL  NERVOUS 
SYSTEM  WITH  TMEV 

Peripheral  nervous  system  infection  with  TMEV 
is  an  area  of  research  that  has  been  examined  in  a  minimal 
number  of  studies.  The  natural  route  of  CNS  infection  with 
TMEV  in  the  wild  is  unknown.  Because  TMEV  is 
transmitted  via  an  oral-fecal  route  in  the  wild,  it  is  likely 
that  the  CNS  infection  occurs  via  the  peripheral  nervous 
system  or  possibly,  the  blood.  A  small  number  of  studies 
have  examined  the  dynamics  of  virus  spread  from  the 
peripheral  to  the  central  nervous  system  (42-44).  To 
examine  whether  TMEV  could  enter  the  CNS  from  the 
PNS  via  axonal  transport,  mice  were  injected  into  the 
footpad  with  the  highly  neurovirulent  GDVII  strain  of 
TMEV  (44).  Within  one  week,  virus  was  detected  in  the 
spinal  cord.  Initially  paralysis  was  observed  in  the  injected 
limb,  and  subsequently  in  the  contralateral  hindlimb. 
Cholchicine,  an  inhibitor  of  fast  axonal  transport,  was  used 
and  prevented  transport  of  the  virus  into  the  CNS, 
demonstrating  a  microtubule-dependent  mechanism  of 
transport  of  TMEV  from  the  periphery  to  the  CNS  (44). 

More  recently,  studies  were  performed  that 
propose  a  route  for  infection  of  the  CNS  with  TMEV  in  the 
wild.  Injection  of  either  the  tongue  or  the  hypoglossal 
nerve  with  TMEV  resulted  in  spread  of  the  virus  to  the 
CNS  as  measured  by  the  induction  of  paralysis  (43).  The 
results  of  the  intratongue  injections  are  significant,  in  that 
one  could  envision  a  scenario  in  the  wild  whereby  a  natural 
infection  could  travel  to  the  CNS  via  a  breach  in  the  surface 
of  the  tongue,  similar  to  one  of  the  proposed  mechanisms 
of  transmission  of  prion  diseases  (142). 

Our  laboratory  recently  developed  a  model  of 
direct  injection  of  virus  into  the  sciatic  nerve  with  a  goal  of 
using  this  model  to  study  myelin  repair  of  the  peripheral 
nervous  system  (42).  While  it  has  been  well-described  that 
the  PNS  is  more  efficient  at  repair  than  the  CNS,  few 
opportunities  exist  to  directly  examine  the  differences  in 
the  processes,  as  the  lesioning  methods  used  in  the  PNS 
and  CNS  vary.  Further  development  of  this  sciatic  nerve 
model,  as  well  as  our  model  of  direct  CNS  lesioning  (143), 
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will  permit  study  of  these  processes  without  the 
complication  of  an  additional  variable  (that  is,  the  method 
by  which  the  lesion  was  made). 

7.  SUMMARY  AND  PERSPECTIVES 

The  study  of  non-human  pathogens  that  are  not  of 
agricultural  interest  is  sometimes  denigrated  by  those 
working  with  human  pathogens  (aka,  ‘my  virus  is  better 
than  your  virus’).  The  concept  that  one  cannot  advance  the 
understanding  of  human  disease  by  studying  a  mouse  virus 
is,  in  our  view,  short-sighted.  Certainly,  our  understanding 
of  axonal  damage  in  multiple  sclerosis  would  not  be  as 
advanced  as  it  is  without  the  TMEV  model.  The  ability  to 
utilize  a  small  animal  model  in  concert  with  human 
histopathological  studies  provides  investigators  with  an 
excellent  opportunity  to  test  and  understand  mechanisms  of 
pathology,  and  to  gain  confirmatory  data  from  human 
samples.  Furthermore  other  aspects  of  the  model,  such  as 
the  acute  phase  of  disease  or  infection  of  the  peripheral 
nervous  system  provide  ample  opportunity  for  further  study 
of  human  diseases  other  than  multiple  sclerosis. 

8.  ACKNOWLEDGMENTS 

The  laboratory  is  grateful  to  have  the  support  of 
the  National  Multiple  Sclerosis  Society  (RG  3870-A-3; 
KMD),  the  Department  of  Defense  (PR064574;  KMD),  and 
the  State  of  Nebraska  (LB692;KMD).  The  laboratory  was 
constructed  with  support  from  Research  Facilities 
Improvement  Program  (1  C06  RR 174 17-01)  from  the 
National  Center  for  Research  Resources,  National  Institutes 
of  Health. 

9.  REFERENCES 

1.  Yahli  Lorch,  Adam  Freidmann,  Howard  L.  Lipton,  and 
Moshe  Kotler:  Theiler's  murine  encephalomyelitis  virus 
group  includes  two  distinct  genetic  subgroups  that  differ 
pathologically  and  biologically.  J  Virol  40,  560-567  (1981) 

2.  Howard  L.  Lipton:  Theiler's  virus  infection  in  mice:  an 
unusual  biphasic  disease  process  leading  to  demyelination. 
Infect  Immun  11,  1147-1155  (1975) 

3.  Arick  Azoulay,  Michel  Brahic,  and  Jean-Francois 
Bureau:  FVB  mice  transgenic  for  the  H-2Db  gene  become 
resistant  to  persistent  infection  by  Theiler's  virus.  J  Virol 
68,4049-4052(1994) 

4.  Moses  Rodriguez  and  Chella  S.  David:  H-2  Dd  transgene 
suppresses  Theiler's  virus-induced  demyelination  in 
susceptible  strains  of  mice.  J Neurovirol  1,  111-117  (1995) 

5.  Moses  Rodriguez  and  Chella  S.  David:  Demyelination 
induced  by  Theiler's  virus:  influence  of  the  H-2  haplotype. 
J  Immunol  135,  2145-2148  (1985) 

6.  Nancy  D.  Borson,  Claire  Paul,  Xiaoqi  Lin,  Wendy  K. 
Nevala,  Michael  A.  Strausbauch,  Moses  Rodriguez,  and 
Peter  J.  Wettstein:  Brain-infiltrating  CTLs  specific  for 
Theiler's  virus  recognize  H-2Db  molecules  complexed  with 
a  viral  VP2  peptide  lacking  a  consensus  anchor  residue.  J 
Virol  71,  5244-5250  (1997) 

7.  Sven  Dethlefs,  Nicholas  Escriou,  Michel  Brahic,  Sylvie 
van  der  Werf,  and  Eva-Lotta  Larsson-Sciard:  Theiler's 
virus  and  mengo  virus  induce  cross-reactive  cytotoxic  T 


lymphocytes  restricted  to  the  same  immunodominant  VP2 
epitope  in  C57BL/6  mice.  J  Virol  71,  5361-5665  (1997) 

8.  Mark  D.  Lindsley,  Roger  L.  Thiemann,  and  Moses 
Rodriguez:  Enumeration  and  distribution  of  T-cell  subsets, 
macrophages,  and  IgG  positive  cells  in  the  CNS  of  SJL/J 
mice  infected  with  Theiler's  virus.  Ann  NY  Acad  Sci  540, 
657-660(1988) 

9.  Moses  Rodriguez,  Julian  L.  Leibowitz,  and  Peter  W. 
Lampert:  Persistent  infection  of  oligodendrocytes  in 
Theiler's  virus-induced  encephalomyelitis.  Ann  Neurol  13. 
426-433  (1983) 

10.  Christine  Aubert,  Mario  Chamorro,  and  Michel  Brahic: 
Identification  of  Theiler's  virus  infected  cells  in  the  central 
nervous  system  of  the  mouse  during  demyelinating  disease. 
Microb  Pathog  3,  319-326  (1987) 

11.  Richard  J.  Clatch,  Stephen  D.  Miller,  Roland  Metzner, 
Mauro  C.  Dal  Canto,  and  Howard  L.  Lipton: 
Monocytes/macrophages  isolated  from  the  mouse  central 
nervous  system  contain  infectious  Theiler's  murine 
encephalomyelitis  virus  (TMEV).  Virology  176,  244-254 
(1990) 

12.  Mauro  C.  Dal  Canto  and  Howard  L.  Lipton: 
Ultrastructural  immunohistochemical  localization  of  virus 
in  acute  and  chronic  demyelinating  Theiler's  virus 
infection.  Am  J  Pathol  106,  20-29  (1982) 

13.  Yoshiro  Ohara,  Steven  Stein,  Jianlin  Fu,  Linda 
Stillman,  Lori  Klaman,  and  Raymond  P.  Roos:  Molecular 
cloning  and  sequence  determination  of  DA  strain  of 
Theiler's  murine  encephalomyelitis  virus.  Virology  164, 
245-255  (1988) 

14.  Laurie  J.  Zoecklein,  Kevin  D.  Pavelko,  Jeffery  Gamez, 
Louisa  Papke,  Dorian  B.  McGavem,  Daren  R.  Ure,  Moses 
K.  Njenga,  Aaron  J.  Johnson,  Shunya  Nakane,  and  Moses 
Rodriguez:  Direct  comparison  of  demyelinating  disease 
induced  by  the  Daniel's  strain  and  BeAn  strain  of  Theiler's 
murine  encephalomyelitis  virus.  Brain  Pathol  13.  291-308 
(2003) 

15.  Stephen  D.  Miller,  Carol  L.  Vanderlugt,  Wendy  S. 
Begolka,  Winnie  Pao,  Katherine  L.  Neville,  Robert  L. 
Yauch,  and  Byung  S.  Kim:  Epitope  spreading  leads  to 
myelin-specific  autoimmune  responses  in  SJL  mice 
chronically  infected  with  Theiler's  virus.  J  Neurovirol  3, 
S62-S65  (1997) 

16.  Stephen  D.  Miller,  Carol  L.  Vanderlugt,  Wendy  S. 
Begolka,  Winnie  Pao,  Robert  L.  Yauch,  Katherine  L. 
Neville,  Yael  Katz-Levy,  Ana  Carrizosa,  and  Byung  S. 
Kim:  Persistent  infection  with  Theiler's  virus  leads  to  CNS 
autoimmunity  via  epitope  spreading.  Nat  Med  3.  1 133-1136 
(1997) 

17.  McMahon,  E.  J.,  Samantha  L.  Bailey,  Carol  V. 
Castenada,  Hanspeter  Waldner,  and  Stephen  D.  Miller: 
Epitope  spreading  initiates  in  the  CNS  in  two  mouse 
models  of  multiple  sclerosis.  Nat  Med  1 1.  335-339  (2005) 

18.  Mauro  C.  Dal  Canto  and  Howard  L.  Lipton:  Primary 
demyelination  in  Theiler's  virus  infection.  An 
ultrastructural  study.  Lab  Invest  33,  626-637  (1975) 

19.  Andrew  R.  Pachner,  Libin  Li,  and  Kavitha  Narayan: 
Intrathecal  antibody  production  in  an  animal  model  of 
multiple  sclerosis.  J Neuroimmunol  185,  57-63  (2007) 

20.  Kristen  M.  Drescher,  Laurie  Zoecklein,  Kevin  D. 
Pavelko,  Cynthia  Rivera-Quinones,  Diane  Hollenbaugh, 
and  Moses  Rodriguez:  CD40L  is  critical  for  protection 


3780 


Relevance  of  TMEV  to  human  disease 


from  demyelinating  disease  and  development  of 
spontaneous  remyelination  in  a  mouse  model  of  multiple 
sclerosis.  Brain  Pathol  10.  1-15  (2000) 

21.  Kristen  M.  Drescher,  Paul  D.  Murray,  Xiaoqi  Lin, 
Joseph  A.  Carlino,  and  Moses  Rodriguez:  TGF-b2  reduces 
demyelination,  virus  antigen  expression,  and  macrophage 
recruitment  in  a  viral  model  of  multiple  sclerosis.  J 
Immunol  164,  3207-3213  (2000) 

22.  Moses  K.  Njenga,  Cristina  Marques,  and  Moses 
Rodriguez:  The  role  of  cellular  immune  response  in 
Theiler's  virus-induced  central  nervous  system 
demyelination.  J Neuroimmunol  147,  73-77  (2004) 

23.  Paul  D.  Murray,  Dorian  B.  McGavern,  Xiaoqi  Lin, 
Moses  K.  Njenga,  Julian  Leibowitz,  Larry  R.  Pease,  and 
Moses  Rodriguez:  Perforin-dependent  neurologic  injury  in 
a  viral  model  of  multiple  sclerosis.  J  Neurosci  18,  7306- 
7314(1998) 

24.  Moses  K.  Njenga,  K.  Asakura,  Peter  Wettstein,  Larry 
R.  Pease,  and  Moses  Rodriguez:  Immune  system 
preferentially  clears  Theiler's  virus  from  the  gray  matter  of 
the  central  nervous  system.  J  Virol  71,  8592-8601  (1997) 

25.  Moses  Rodriguez,  Kevin  D.  Pavelko,  Moses  K.  Njenga, 
W.  C.  Logan,  and  Peter  J.  Wettstein:  The  balance  between 
persistent  virus  infection  and  immune  cells  determines 
demyelination.  J  Immunol  157,  5699-5709(1996) 

26.  Eva-Lotta  Larsson-Sciard,  Sven  Dethlefs,  and  Michel 
Brahic:  In  vivo  administration  of  interleukin-2  protects 
susceptible  mice  from  Theiler's  virus  persistence.  J  Virol 
71.797-799  (1997) 

27.  Laurence  Fiette,  Michel  Brahic,  and  Claudia  Pena- 
Rossi:  Infection  of  class-II  deficient  mice  by  the  DA  strain 
of  Theiler's  virus.  J  Virol  70,  4811-4815  (1996) 

28.  Claudia  Pena  Rossi,  Myriam  Dclcroix,  Inge  Huitinga, 
Andres  McAllister,  Nico  Van  Rooijen,  Eric  Claassen,  and 
Michel  Brahic:  Role  of  macrophages  during  Theiler's  virus 
infection.  J  Virol  71,  3336-3340  (1997) 

29.  Laurence  Fiette,  Christine  Aubert,  Michel  Brahic,  and 
Claudia  P.  Rossi:  Theiler's  virus  infection  of  beta  2- 
microglobulin-deficient  mice.  J  Virol  67,  589-592  (1993) 

30.  Persephone  Borrow,  C.  Jane  Welsh,  and  Anthony  A. 
Nash:  Study  of  the  mechanisms  by  which  CD4+  T  cells 
contribute  to  protection  in  Theiler's  murine 
encephalomyelitis.  Immunology  80.  502-506  (1993) 

31.  Persephone  Borrow,  Paul  Tonks,  C.  Jane  Welsh,  and 
Anthony  A.  Nash:  The  role  of  CD8+T  cells  in  the  acute  and 
chronic  phases  of  Theiler's  murine  encephalomyelitis  virus- 
induced  disease  in  mice.  J  Gen  Virol  73,  1861-1865  (1992) 

32.  Kristen  M.  Drescher,  Paul  D.  Murray,  Chella  S.  David, 
Larry  R.  Pease,  and  Moses  Rodriguez:  CNS  cell 
populations  are  protected  from  virus-induced  pathology  by 
distinct  arms  of  the  immune  system.  Brain  Pathol  9,  21-31 
(1999) 

33.  Kevin  D.  Pavelko,  Charles  L.  Howe,  Kristen  M. 
Drescher,  Jeffery  D.  Gamez,  Aaron  J.  Johnson,  Tao  Wei, 
Richard  M.  Ransohoff,  and  Moses  Rodriguez:  Interleukin-6 
protects  anterior  horn  neurons  from  lethal  virus-induced 
injury.  J  Neurosci  23,  481-492  (2003) 

34.  Kristen  M.  Drescher,  Laurie  J.  Zoecklein,  and  Moses 
Rodriguez:  ICAM-1  is  critical  for  protection  from  TMEV- 
induced  neuronal  damage  but  not  demyelination.  J 
Neurovirol  8,  452-458  (2002) 


35.  Laurence  Fiette,  Christine  Aubert,  Ulrike  Muller,  Sui 
Huang,  Michel  Auget,  Michel  Brahic,  and  Jean-Francois 
Bureau:  Theiler's  virus  infection  of  129  Sv  mice  that  lack 
the  interferon  a/b  or  interferon  g  receptors.  J  Exp  Med  181, 
2069-2076  (1995) 

36.  Moses  Rodriguez,  Amy  K.  Patick,  and  Larry  R.  Pease: 
Abrogation  of  resistance  to  Theiler's  virus-induced 
demyelination  in  C57BL  mice  by  total  body  irradiation.  J 
Neuroimmunol  26,  189-199  (1990) 

37.  Yanice  V.  Mendez-Fernandez,  Michael  J.  Hansen, 
Moses  Rodriguez,  and  Larry  R.  Pease:  Anatomical  and 
cellular  requirements  for  the  activation  and  migration  of 
virus-specific  CD8+  T  cells  to  the  brain  during  Theiler's 
virus  infection.  J  Virol  79,  3063-3070  (2005) 

38.  Matthew  S.  Block,  Yanice  V.  Mendez-Fernandez, 
Virginia  P.  van  Keulen,  Michael  J.  Hansen,  Kathleen  D. 
Allen,  Anya  L.  Taboas,  Moses  Rodriguez,  and  Larry  R. 
Pease:  Inability  of  bml4  mice  to  respond  to  Theiler's 
murine  encephalomyelitis  virus  is  caused  by  defective 
antigen  presentation,  not  repertoire  selection.  J  Immunol 
174,  2756-2762(2005) 

39.  Julie  K.  Olson  and  Stephen  D.  Miller:  Microglia  initiate 
central  nervous  system  innate  and  adaptive  immune 
responses  through  multiple  TLRs.  J  Immunol  173,  3916- 
3924  (2004) 

40.  Cara  L.  Mack.,  Carol  L.  Vanderlugt-Casteneda, 
Katherine  L.  Neville,  and  Stephen  D.  Miller:  Microglia  are 
activated  to  become  competent  antigen  presenting  and 
effector  cells  in  the  inflammatory  environment  of  the 
Theiler's  virus  model  of  multiple  sclerosis.  J 
Neuroimmunol  144,  68-79  (2003) 

41.  Julie  K.  Olson,  Ann  M.  Girvin,  and  Stephen  D.  Miller: 
Direct  activation  of  innate  and  antigen-presenting  functions 
of  microglia  following  infection  with  Theiler's  virus.  J 
Virol  75.  9780-9789(2001) 

42.  Kristen  M.  Drescher  and  Steven  M.  Tracy:  Injection  of 
the  sciatic  nerve  with  TMEV:  a  new  model  for  peripheral 
nerve  demyelination.  Virology  359.  233-242  (2007) 

43.  Dorissa  Villarreal,  Colin  R.  Young,  Ralph  Starts,  Jenny 
W.  Ting,  and  C.  Jane  Welsh:  A  comparison  of  the 
neurotropism  of  Theiler's  virus  and  poliovirus  in  CBA 
mice.  Microb  Pathog  41,  149-156  (2006) 

44.  Cecile  Martinat,  Nadine  Jarousse,  Marie  C.  Prevost, 
and  Michel  Brahic:  The  GDVII  strain  of  Theiler's  virus 
spreads  via  axonal  transport.  J  Virol  73,  6093-6098  (1999) 

45.  Jean-Pierre  Roussaire,  Claude  Ruffle,  and  Michel 
Brahic:  The  role  of  myelin  in  Theiler's  virus  persistence  in 
the  central  nervous  system.  PLOS  Pathog  3,  212-224 
(2007) 

46.  David  J.  Miller,  Cynthia  Rivera-Quinones,  Moses  K. 
Njenga,  Julian  Leibowitz,  and  Moses  Rodriguez: 
Spontaneous  CNS  remyelination  in  b2  microglobulin- 
deficient  mice  following  virus-induced  demyelination.  J 
Neurosci  15.  8345-8352  (1995) 

47.  Moses  K.  Njenga,  Paul  D.  Murray,  Dorian  McGavern, 
Xiaoqi  Lin,  Kristen  M.  Drescher,  and  Moses  Rodriguez: 
Absence  of  spontaneous  central  nervous  system 
remyelination  in  class  Il-deficient  mice  infected  with 
Theiler's  virus.  J  Neuropath  Exp  Neurol  58,  78-91  (1999) 

48.  Kunihiko  Asakura,  David  J.  Miller,  Larry  R.  Pease,  and 
Moses  Rodriguez:  Targeting  of  IgMk  antibodies  to 


3781 


Relevance  of  TMEV  to  human  disease 


oligodendrocytes  promotes  central  nervous  system 
remyelination.  JNeurosci  18,  7700-7708  (1998) 

49.  Vincent  P.  Sweeney,  A.  Dessa  Sadovnick,  and  V. 
Brandejs:  Prevalence  of  multiple  sclerosis  in  British 
Columbia.  Can  J Neurol  Sci  13.  47-51  (1986) 

50.  Walter  J.  Hader,  Margaret  Elliot,  and  George  C.  Ebers: 
Multiple  sclerosis  in  London  and  Middlesex  County, 
Ontario,  Canada.  Neurol  38.  617-621  (1988) 

51.  Pierre  Duquette,  Thomas  J.  Murray,  Juliana  Pleines, 
George  C.  Ebers,  A.  Dessa  Sadovnick,  Pauline  Weldon, 
Sharon  Warren,  Donald  W.  Paty,  Adrian  Upton,  and  Walter 
Hader:  Multiple  sclerosis  in  childhood:  a  clinical  profile  in 
125  patients.  J  Peel  11 1,  359-363  (1987) 

52.  John  W.  Prineas  and  R.  G.  Wright:  Macrophages, 
lymphocytes,  and  plasma  cells  in  the  perivascular 
compartment  in  chronic  multiple  sclerosis.  Lab  Invest  38. 
409-421 (1978) 

53.  Tomiko  Tsuchida,  Kenneth  C.  Parker,  Richard  V. 
Turner,  Henry  McFarland,  John  E.  Coligan,  and  William  E. 
Biddison:  Autoreactive  CD8+  T-cell  responses  to  human 
myelin  protein-derived  proteins.  Proc  Nat  Acad  Sci  USA 
91.  10859-10863  (1994) 

54.  Bernhard  Hemmer,  Burkhard  T.  Fleckenstein,  Marco 
Vergelli,  Gunther  Jung,  Henry  McFarland,  Roland  Martin, 
and  Karl-Heinz  Wiesmuller:  Identification  of  high  potency 
microbial  and  self  ligands  for  a  human  autoreactive  class 
II-restricted  T  cell  clone.  J  Exp  Med  185,  1651-1659  (1997) 

55.  Bernhard  Hemmer,  Marco  Vergelli,  Peter  Calabresi,  Ti 
Huang,  Henry  McFarland,  and  Roland  Martin:  Cytokine 
phenotype  of  human  autoreactive  T  cell  clones  specific  for 
the  immunodominant  myelin  basic  protein  peptide  (83-99). 
JNeurosci  Res  45,  852-862  (1996) 

56.  Jorge  Correale,  Minnie  McMillan,  Kathleen  McCarthy, 
Thuy  Le,  and  Leslie  P.  Weiner:  Isolation  and 
characterization  of  autoreactive  proteolipid  protein-peptide 
specific  T-cell  clones  from  multiple  sclerosis  patients. 
Neurology  45,  1370-1378(1995) 

57.  Kiri  Honma,  Kenneth  C.  Parker,  Kevin  G.  Becker, 
Henry  McFarland,  John  E.  Coligan,  and  William  E. 
Biddison:  Identification  of  an  epitope  derived  from  human 
proteolipid  protein  that  can  induce  autoreactive  CD8+ 
cytotoxic  T  lymphocytes  restricted  by  HLA-A3.  evidence 
for  cross-reactivity  with  an  environmental  microorganism. 
J Neuroimmunol  73,  7-14  (1997) 

58.  Stephen  L.  Hauser,  Ellen  Fleischnick,  Howard  L. 
Weiner,  Deborah  Marcus,  Zuheir  Awdeh,  Edmond  J. 
Yunis,  and  Chester  A.  Alper:  Extended  major 
histocompatibility  complex  haplotypes  in  patients  with 
multiple  sclerosis.  Neuology  39.  275-277  (1989) 

59.  Casper  Jersild,  Bonita  Dupont,  Torben  Fog,  Per 
Platz,  and  Arne  Svejgaard:  Histocompatibility 
determinants  in  multiple  sclerosis.  Transplant  Rev  22, 
148-163  (1975) 

60.  John  F.  Kurtzke  and  Quoc  H.  Bui:  Multiple  sclerosis 
in  a  migrant  population.  II.  Half-orientals  immigrating 
in  childhood.  Neurol  8,  256-260  (1980) 

61.  Casper  A.  Jersild  A,  Arne  Svejgaard,  and  Torben 
Fog:  HLA  antigens  and  multiple  sclerosis.  Lancet  i. 
1240-1242  (1972) 

62.  Milton  Alter,  U.  Leibowitz,  and  J.  Speer:  Risk  of 
multiple  sclerosis  related  to  age  at  immigration  to  Isreal. 
Arch  Neurol  15.  234-237  (1966) 


63.  Marta  Elian,  Simon  Nightingale,  and  Geoffrey  Dean: 
Multiple  sclerosis  among  United  Kingdom  born  children  of 
immigrants  from  the  Indian  Subcontinent,  Africa,  and  the 
West  Indies.  J  Neurol  Neurosurg  Pysch  53.  906-911  (1990) 

64.  Roger  Dctels,  Barbara  R.  Visscher,  Robert  W.  Haile, 
Roberta  Malmgren,  Jan  P.  Dudley,  and  Arne  H.  Coulson: 
Multiple  sclerosis  and  age  at  migration.  Am  J  Epidemiol 
108,  386-393  (1978) 

65.  Guy  Lamoureux,,  Pierre  Duquette,  Yves  Lapierre,  B. 
Cosgrove,  G.  Bourret,  and  L.  Labrie:  HLA  antigens-linked 
genetic  control  in  multiple  sclerosis  patients  resistant  and 
susceptible  to  infection.  J  Neurol  230,  91-104  (1983) 

66.  George  C.  Ebers  and  Adele  D.  Sacovinick:  The  role  of 
genetic  factors  in  multiple  sclerosis  susceptibility.  J 
Neuroimmunol  54,  1-17  (1994) 

67.  Frode  Vartdal,  Ludvig  M.  Sollid,  Bodvar  Vandvik, 
Gunnar  Markussen,  and  Erik  Thorsby:  Patients  with 
multiple  sclerosis  carry  DQB1  genes  which  encode  shared 
polymorphic  amino  acid  sequences.  Hum  Immunol  25,  103- 
110(2002) 

68.  David  A.  Francis,  J.  Richard  Batchelor,  W.  Ian 
McDonald,  J.E.C.  Hem,  and  Allan  W.  Downie:  Multiple 
sclerosis  and  HLA  DQwl.  Lancet  327.  211  (1986) 

69.  Orhun  H.  Kantarci,  An  Goris,  David  D.  Hebrink, 
Shirley  Heggarty,  Stephen  Cunningham,  Iraide  Alloza, 
Elizabeth  J.  Atkinson,  Mariza  de  Andrade,  Cynthia  T. 
McMurray,  Colin  A.  Graham,  Stanley  A.  Hawkins,  Alfons 
Billiau,  Benedictine  Dubois,  Brian  G.  Weinshenker,  and 
Koen  Vandenbroeck:  IFNG  polymorphisms  are  associated 
with  gender  differences  in  susceptibility  to  multiple 
sclerosis.  Genes  Immun  6,  153-161  (2005) 

70.  Alexandra  Weber,  Klaus-Peter  Wandinger,  Wold 
Mueller,  Orhan  Aktas,  Oliver  Wengert,  Eva  Grundstorm, 
Stefan  Ehrlich,  Christine  Windemuth,  Tanja  Kuhlmann, 
Thomas  Wienker,  Wolfgang  Bruck,  and  Frauke  Zipp: 
Identification  and  functional  characterization  of  a  highly 
polymorphic  region  in  the  human  TRAIL  promoter  in 
multiple  sclerosis.  J  Neuroimmunol  149.  195-201  (2004) 

71.  Annalisa  Chiocchetti,  Cristoforo  Comi,  Manuela 
Indelicato,  Luca  Castelli,  Riccardo  Mesturini,  Thea  Bensi, 
Maria  C.  Mazzarino,  Mara  Giordano,  Sandia  D'Alfonso, 
Patricia  Momigliano-Richiardi,  Maria  Liguori,  Marino 
Zorzon,  Antonio  Amoroso,  Marco  Trojano,  Francesco 
Monaco,  Maurizio  Leone,  Corrado  Magnani,  and  Umberto 
Dianzani:  Osteopontin  gene  haplotypes  correlate  with 
multiple  sclerosis  development  and  progression.  J 
Neuroimmunol  163,  172-178(2005) 

72.  Jennifer  M.  Lund,  Lena  Alexopoulou,  Ayuko  Sato, 
Margaret  Karow,  Niels  C.  Adams,  Nicholas  W.  Gale, 
Akiko  Iwasaki,  and  Richard  A.  Flavell:  Recognition  of 
single-stranded  RNA  viruses  by  Toll-like  receptor  7.  Proc 
Nat  Acad  Sci  USA  101,  5598-5603  (2004) 

73.  Brian  G.  Weinshenker,  David  Hebrink,  Elizabeth 
Atkinson,  and  Orhun  H.  Kantarci:  Association  of  a  tumor 
necrosis  factor  alpha  polymorphism  with  MS  susceptibility. 
Neurology  57,  1341-1342(2001) 

74.  Catherine  O'Doherty,  Izaura  M.  Roos,  Alfredo 
Antiguedad,  Ana  M.  Aransay,  Jan  Hillert,  and  Koen 
Vandenbroeck:  ITGA4  polymorphisms  and  susceptibility 
to  multiple  sclerosis.  J  Neuroimmunol  189.  151-157  (2007) 

75.  Birgitte  Stoevring,  Jette  L.  Frederiksen,  and  Michael 
Christiansen:  CRY AB  promoter  polymorphisms,  influence 


3782 


Relevance  of  TMEV  to  human  disease 


on  multiple  sclerosis  susceptibility  and  clinical 
presentation.  Clin  Chim  Acta  375,  57-62  (2007) 

76.  Xiao-Feng  Sun  and  Hong  Zhang:  NFKB  and  NFKBI 
polymorphisms  in  relation  to  susceptibility  of  tumour  and 
other  diseases.  Histol  Histopathol  22,  1387-1398  (2007) 

77.  Esko  Kinnunen,  Junani  Juntunen,  Yrjo  Konttinen,  Pertti 
Kemppinen,  Leena  Ketonen,  Marjaana  Kleemola,  Martti 
Valle,  Sarja  Koskimies,  and  Markku  Koskenvuo:  MS  and 
SLE  in  twins  of  successive  generations.  Acta  Neurol 
(Scand)  81.  246-249  (1990) 

78.  A.  Roger  Bobowick,  John  F.  Kurtzke,  Jacob  A.  Brody, 
Zdenek  Hrubec,  and  Marjorie  M.  Gillespie:  Twin  study  of 
multiple  sclerosis:  an  epidemiologic  inquiry.  Neurol  28. 
978-987(1978) 

79.  George  C.  Ebers,  Dcnsis  E.  Bulman,  A.  Dessa 
Sadovnick,  Donald  W.  Paty,  Sharon  Warren,  Walter  Hader, 
Thomas  J.  Murray,  T.  Peter  Seland,  Pierre  Duquette,  Tom 
Grey,  Robert  Nelson,  Michael  Nicolle,  and  Denis  Brunet: 
A  population-based  twin  study  in  multiple  sclerosis.  N  Engl 
JMed  315,1638-1640(1986) 

80.  Esko  Kinnunen,  Juhani  Juntunen,  Leena  Ketonen,  Seija 
Koskimies,  and  Yrjo  Konttinen:  Genetic  susceptibility  to 
multiple  sclerosis:  A  co-twin  study  of  a  nationwide  series. 
Arch  Neurol  45.  1 108-1 1 1 1  (1988) 

81.  Anne  Hcltberg  and  Niels  V.  Holm:  Concordence  in 
twins  and  recurrence  in  sibships  in  multiple  sclerosis. 
Lancet  i.  1068(1982) 

82.  Colin  J.  Mumford,  Nick  W.  Wood,  Helen  Keller-Wood, 
John  W.  Thorpe,  David  H.  Miller,  and  D.  Alistair 
Compston:  The  British  Isles  survey  of  multiple  sclerosis  in 
twins.  Neurol  44.  11-15  (1994) 

83.  Adele  D.  Sadovnick,  Patricia  A.  Baird,  and  Richard  H. 
Ward:  Multiple  sclerosis:  Updated  risk  for  relatives.  Am  J 
Med  Gen  29.  533-541  (1988) 

84.  John  F.  Kurtzke  and  Kay  Hyllested:  Multiple  sclerosis 
in  the  Faroe  Islands.  I.  Clinical  and  epidemiological 
features .  Ann  Neurol  5.  6-21  (1979) 

85.  John  F.  Kurtzke  and  Kay  Hyllested:  Multiple  sclerosis 
in  the  Faroe  Islands.  II.  Clinical  update,  transmission,  and 
the  nature  of  MS.  Neurol  36,  307-328  (1986) 

86.  Makoto  Hyano,  Joo  H.  Sung,  and  Angeline  Mastri: 
"Paramyxovirus-like"  intranuclear  inclusions  occurring  in 
the  nervous  system  in  diverse  unrelated  conditions.  J 
Neuropath  Exp  Neurol  35.  287-294  (1976) 

87.  Richard  Marsh:  Slow  virus  diseases  of  the  central 
nervous  system.  Adv  Vet  Sci  Comp  Med  18,  155-178  (1974) 

88.  John  Kirk  and  A.  Zhou:  Viral  infection  at  the  blood- 
brain  barrier  in  multiple  sclerosis:— an  ultrastructural  study 
of  tissues  from  a  UK  Regional  Brain  Bank.  Mult  Scler  1. 
242-252  (1996) 

89.  Oluf  Andersen,  Per-Erik  Lygner,  Tomas  Bergstrom, 
Mats  Andersson,  and  Anders  Vahlne:  Viral  infections 
trigger  multiple  sclerosis  relapses:  a  prospective 
seroepidemiological  study.  J  Neurol  240,  417-422  (1993) 

90.  Izabella  Zgomiak-Nowosielska,  Yuzo  Iwasaki,  Thomas 
Tachovsky,  Rciko  Tanaka,  and  Hilary  Koprowski: 
Experimental  parainfluenza  type  1  virus-induced 
encephalopathy  in  adult  mice.  Pathogenesis  of  chronic 
degenerative  changes  in  the  CNS.  Arch  Neurol  33,  55-62 
(1976) 

91.  James  R.  Lehrich,  Barry  G.  Arnason,  Thomas  C.  Fuller, 
and  Shirley  H.  Wray:  Parainfluenza, histocompatibility, and 


multiple  sclerosis. Association  of  parainfluenza  antibodies 
and  histocompatibility  types  in  MS  and  optic  neuritis.  Arch 
Neurol  30.  327-329(1974) 

92.  Helene  C.  Rauch,  K.  M.  King,  and  Leon  J. 
Lewandowski:  Detection  of  cellular  hypersensitivity  among 
multiple  sclerosis  (MS)  patients  to  6/94  virus;  a 
parainfluenza  type  1  isolate  from  MS  brain  tissue.  Int  Arch 
Allergy  Appl  Immunol  48,  475-484  (1975) 

93.  Leon  J.  Lewandowski,  Florence  S.  Lief,  Maria  A. 
Verini,  Marek  M.  Pienkowski,  Volker  ter  Meulen,  and 
Hilary  Koprowski:  Analysis  of  a  viral  agent  isolated  from 
multiple  sclerosis  brain  tissue:  characterization  as  a 
parainfluenzavirus  type  1  .J  Virol  13,  1037-1045  1974. 

94.  Ciro  V.  Sumaya,  Lawrence  W.  Myers,  George  W. 
Ellison,  and  Yasmin  Ench:  Increased  prevalence  and  titer 
of  Epstein-Barr  virus  antibodies  in  patients  with  multiple 
sclerosis.  Ann  Neurol  17.  371-377  (1985) 

95.  Jacqueline  E.  Freidman,  Michael  J.  Lyons,  Gil  Cu, 
Dharam  V.  Ablashl,  James  E.  Whitman,  Marek  Edgar, 
Majaleena  Koskiniemi,  Antti  Vaheri,  and  John  B. 
Zabriskie:  The  association  of  the  human  herpesvirus-6  and 
MS.  Mult  Scler  5.  355-362  (1999) 

96.  Samantha  S.  Soldan,  Rossana  Berti,  Nazi  Salem,  Paola 
Secchiero,  Louis  Flamand,  Peter  A.  Calabresi,  Meghan  B. 
Brennan,  Heidi  W.  Maloni,  Henry  McFarland,  Hun-Chi 
Lin,  Madhumita  Patnaik,  and  Steven  Jacobson:  Association 
of  human  herpes  virus  6  (HHV-6)  with  multiple  sclerosis: 
increased  IgM  response  to  HHV-6  early  antigen  and 
detection  of  serum  HHV-6  DNA.  Nat  Med  3,  1394-1397 
(1997) 

97.  Brian  A.  Summers  and  Max  J.  Appel:  Aspects  of  canine 
distemper  virus  and  measles  virus  encephalomyelitis. 
Neuropathol  Appl  Neurobiol  20.  525-534  (1994) 

98.  Martin  Panelius,  Urpo  K.  Rinne,  E.  Kivalo,  Pekka 
Halonen,  Kari  Penttinen,  and  Aimo  Salmi:  Further  studies 
on  the  connection  between  multiple  sclerosis  and  slow 
virus  infection.  Acta  Neurol  (Scand)  S43,  235  (1970) 

99.  Edith  Pette  and  Olga  Palacios:  The  possible  role  of 
measles  virus  in  the  pathogenesis  of  multiple  sclerosis.  Int 
Arch  Allergy  Appl  Immunol  36,  S102-S108  (1969) 

100.  John  M.  Adams  and  David  T.  Imagawa:  Measles 
antibodies  in  multiple  sclerosis.  Proc  Soc  Exp  Biol  Med 
111,562-566(1962) 

101.  Volker  ter  Meulen,  Hilary  Koprowski,  Yoshiake 
Iwasaki,  Mathidle  Y.  Kackell,  and  D.  Muller:  Fusion  of 
cultured  multiple  sclerosis  brain  cells  with  indicator  cells: 
presence  of  nucleocapsids  and  virions  and  isolation  of 
parainflueza  type  virus.  Lancet  ii,  1-5  (1972) 

102.  John  D.  Rriesel  and  William  A.  Sibley:  The  case  for 
rhinoviruses  in  the  pathogenesis  of  multiple  sclerosis.  Mult 
Scler  11.  1-4  (2005) 

103.  Kjell-Morton  Myhr,  Trond  Riise,  Elizabeth  Barrett- 
Connor,  Hclge  Myrmel,  Christian  Vedeler,  Marit  Gronning, 
May  B.  Kalvenes,  and  Harald  Nyland:  Altered  antibody 
pattern  to  Epstein  Barr  virus  but  not  to  other  herpesviruses 
in  multiple  sclerosis:  a  population  based  case-control  study 
from  western  Norway.  J  Neurol  Neurosurg  Pysch  64.  539- 
542  (1998) 

104.  Miguel  A.  Hernan,  Shumin  M.  Zhang,  Loren 
Lipworth,  Mickael  J.  Olek,  and  Alberto  Ascherio:  Multiple 
sclerosis  and  age  at  infection  with  common  viruses. 
Epidemiol  12.  301-306  (2001) 


3783 


Relevance  of  TMEV  to  human  disease 


105.  Charles  M.  Poser.,  Donald  W.  Paty,  Labe  Scheinberg, 
W.  Ian  McDonald,  Floyd  A.  Davis,  George  C.  Ebers, 
Kenneth  P.  Johnson,  William  A.  Sibley,  Donald  H. 
Silbergerg,  and  Wallace  W.  Tourtellotte:  1983.  New 
diagnostic  criteria  for  multiple  sclerosis:  Guidelines  for 
research  protocols.  Ann  Neurol  13.  227-231  (1983) 

106.  Frederick  Barkoff,  Massimo  Filippi,  David  H.  Miller, 
Phillip  Scheltens,  Adriana  Campi,  Chris  H.  Polman, 
Giancarlo  Comi,  Herman  J.  Ader,  Nick  Losseff,  and  Jacob 
Valk:  Comparison  of  MRI  criteria  at  first  presentation  to 
predict  conversion  to  clinically  definite  multiple  sclerosis. 
Brain  120,  2059-2069  (1997) 

107.  Mar  Tintore,  Alex  Rovira,  Maria  J.  Martinez,  Jordi 
Rio,  Pablo  Diaz-Villoslada,  Luis  Brieva,  Cecilia  Borras, 
Elisenda  Grive,  Jaume  Capellades,  and  Xavier  Montalban: 
Isolated  demyelinating  syndromes:  comparison  of  different 
MR  imaging  criteria  to  predict  conversion  to  clinically 
definite  multiple  sclerosis.  Amer  J Neuroradiol  21.  702-706 
(2000) 

108.  Barbara  Kornek  and  Hans  Lassmann:  Axonal 
pathology  in  multiple  sclerosis:  a  historical  note.  Brain 
Pathol  9,  651-656  (1999) 

109.  Frederick  Barkhof:  The  clinico-radiological  paradox 
in  multiple  sclerosis  revisited.  Curr  Opin  Neurol  15,  239- 
245  (2002) 

110.  Rohit  Bakshi,  Alireza  Minagar,  Zeenat  Jaisani,  and 
Jerry  S.  Wolinsky.  Imaging  of  multiple  sclerosis:  role  of 
neuro therapeutics.  NeuroRx  2,  277-303  (2005) 

111.  Carl  Bjartmar,  R.  Phillip  Kinkel,  Grahame  Kidd, 
Richard  A.  Rudick,  and  Bruce  D.  Trapp:  Axonal  loss  in 
normal-appearing  white  matter  in  a  patient  with  acute  MS. 
Neurol  51,  1248-1252(2001) 

112.  Paul  Ganter,  Chekema  Prince,  and  Margaret  M.  Esiri: 
Spinal  cord  axonal  loss  in  multiple  sclerosis:  a  post-mortem 
study.  Neuropatliol  Appl  Neurobiol  25,  459-467  (1999) 

113.  Gabor  Lovas,  Nora  Szilagyi,  Katalin  Majtenyi,  Miklos 
Palkovits,  and  Samuel  Komoly:  Axonal  changes  in  chronic 
demyelinated  cervical  spinal  cord  plaques.  Brain  123,  308- 
317(2000) 

114.  Nikos  Evangelou,  Margaret  M.  Esiri,  Steve  Smith, 
Jack  Palace,  and  Paul  M.  Matthews:  Quantitative 
pathological  evidence  for  axonal  loss  in  normal  appearing 
white  matter  in  multiple  sclerosis.  Ami  Neurol  47,  391-395 
(2000) 

115.  Ferguson,  B.,  Malgosia  K.  Matyszak,  Margaret  M. 
Esiri,  and  V.  Hugh  Perry:  Axonal  damage  in  acute  multiple 
sclerosis  lesions.  Brain  120,  393-399  (1997) 

116.  Bruce  D.  Trapp,  John  Peterson,  Richard  M. 
Ransohoff,  Richard  Rudick,  Sverre  Mork,  and  Lars  Bo: 
Axonal  transection  in  the  lesions  of  multiple  sclerosis.  N 
Eng  J  Med  33 8,  278-285  (1998) 

117.  Andreas  Bitsch,  Jana  Schuchardt,  Stefanie  Bunkowski, 
Tanja  Kuhlmann,  and  Wolfgang  Brack:  Acute  axonal 
injury  in  multiple  sclerosis:  Correlation  with  demyelination 
and  inflammation.  Brain  123,  1 174-1183  (2000) 

118.  Simona  Bonavita,  Daria  Dinacci,  Luigi  Lavorgna, 
Giovanni  Savettieri,  Aldo  Quattrone,  Paolo  Livrea, 
Vincenzo  Bresciamorra,  Giuseppe  Orefice,  Marcantonio 
Paciello,  Giovanni  Coniglio,  Alfonso  DiConstanzo,  Paolo 
Valentino,  Francesco  Patti,  Giuseppe  Salemi,  Isabella 
Simone,  and  Giancchino  Tedeschi:  2006.  Treatment  of 
multiple  sclerosis  with  interferon  beta  in  clinical  practice: 


2-year  follow-up  data  from  the  South  Italy  Mobile  MRI 
Project.  Neurol  Sci  27  Suppl  5,  S365-S368  (2006) 

119.  QUASIMS  Study  Group:  Quality  Assessment  in 
Multiple  Sclerosis  Therapy  (QUASIMS):  a  comparison  of 
interferon  beta  therapies  for  relapsing-remitting  multiple 
sclerosis.  J  Neurol  254,  67-77  (2007) 

120.  Maria  Rocca,  Federica  Agosta,  Bruno  Colombo, 
Domenico  M.  Mezzapesa,  Andrea  Falini,  Giancarlo  Comi, 
and  Massimo  Filippi:  fMRI  changes  in  relapsing-remitting 
multiple  sclerosis  patients  complaining  of  fatigue  after 
IFNbeta-la  injection.  Hum  Brain  Mapp  28,  373-382  (2007) 

121.  Steven  L.  Galetta,  Clyde  Markowitz,  and  Andrew  G. 
Lee:  Immunomodulatory  agents  for  the  treatment  of 
relapsing  multiple  sclerosis:  a  systematic  review.  Arch 
Intern  Med  163,  2161-2169  (2002) 

122.  Benjamin  Turner,  Xia  Lin,  Guillaume  Calmon,  Neil 
Roberts,  and  Lance  D.  Blumhardt:  Cerebral  atrophy  and 
disability  in  relapsing-remitting  and  secondary  progressive 
multiple  sclerosis  over  four  years.  Mult  Scler  9,  21-27 
(2003) 

123.  Cynthia  Rivera-Quinones,  Dorian  McGavem,  James 
D.  Schmelzer,  Samuel  F.  Hunter,  Philip  A.  Low,  and 
Moses  Rodriguez:  Absence  of  neurological  deficits 
following  extensive  demyelination  in  a  class  I-deficient 
murine  model  of  multiple  sclerosis.  Nat  Med  4,  187-193 
(1998) 

124.  Charles  L.  Howe,  Daren  Ure,  Jamie  D.  Adelson, 
Reghann  LaFrance-Corey,  Aaron  Johnson,  and  Moses 
Rodriguez:  CD8+  T  cells  directed  against  a  viral  peptide 
contribute  to  loss  of  motor  function  by  disrupting  axonal 
transport  in  a  viral  model  of  fulminant  demyelination.  J 
Neuroimmunol  188,  13-21  (2007) 

125.  Daren  R.  Ure  and  Moses  Rodriguez:  Preservation  of 
neurologic  function  during  inflammatory  demyelination 
correlates  with  axon  sparing  in  a  mouse  model  of  multiple 
sclerosis.  Neurosci  111,  399-411  (2002) 

126.  Charles  L.  Howe,  Jamie  D.  Adelson,  and  Moses 
Rodriguez:  Absence  of  perforin  expression  confers  axonal 
protection  despite  demyelination.  Neurobiol  Dis  25,  354- 
359  (2007) 

127.  Moses  Rodriguez,  Alec  J.  Dunkel,  Roger  L. 
Thiemann,  Julian  Leibowitz,  Maarten  Zijlstra,  and  Rudolf 
Jaenisch:  Abrogation  of  resistance  to  Theiler's  virus- 
induced  demyelination  in  H-2b  mice  deficient  in  bj- 
microglobulin.  J  Immunol  151,  266-276  (1993) 

128.  Bijen  Nazliel,  Ceyla  Irkec,  and  Belgin  Kocer:  The 
roles  of  blink  reflex  and  sypathetic  skin  response  in 
multiple  sclerosis  diagnosis.  Mult  Scler  8,  500-504  (2002) 

129.  Walter  Fierz,  Barbara  Endler,  Konrad  Reske,  Hartmut 
Wekerle,  and  Adriano  Fontana:  Astrocytes  as  antigen 
presenting  cells.  I.  Induction  of  la  expression  on  astrocytes 
by  T  cells  via  immune  interferon  and  its  effect  on  antigen 
presentation.  J  Immunol  134,  3785-3793  (1985) 

130.  Ute  Traugott  and  Cedric  S.  Raine:  Multiple  sclerosis: 
evidence  for  antigen  presentation  in  situ  by  astrocytes.  J 
Neurol  Sci  59,  365-370  (1985) 

131.  Romana  Hoftsberger,  Fahmy  Aboul-Enein,  Wolfgang 
Braeck,  Claudia  Lucchinetti,  Moses  Rodriguez,  Manfred 
Schmidbaur,  Kurt  Jellinger,  and  Hans  Lassmann: 
Expression  of  major  histocompatibility  complex  class  I 
molecules  on  the  different  cell  types  in  multiple  sclerosis 
lesions.  Brain  Pathol  14,  43-50  (2004) 


3784 


Relevance  of  TMEV  to  human  disease 


132.  Isabelle  Medana,  Marianne  A.  Martinic,  Hartmut 
Wekerle,  and  Harald  Neumann:  Transection  of  major 
histocompatibility  complex  class  I-induced  neurites  by 
cytotoxic  T  lymphocytes.  Amer  J  Pathol  159.  809-815 
(2001) 

133.  Ikuo  Tsunoda,  Li-Qing  Kuang,  Jane  E.  Libbey,  and 
Robert  S.  Fujinami:  Axonal  injury  heralds  virus-induced 
demyelination .  Amer  J  Pathol  162,  1259-1269(2003) 

134.  Arthur  Roach,  Kevin  Boy lan,  Suzanna  Horvath, 
Stanley  B.  Prusiner,  and  Leroy  E.  Hood:  Characterization 
of  cloned  cDNA  representing  rat  myelin  basic  protein: 
absence  of  expression  in  brain  of  shiverer  mutant  mice. 
Cell  37,  799-806(1983) 

135.  Hitoshi  Nagara,  Kinuko  Suzuki,  and  Tateishi  Tateishi: 
Radial  component  of  central  myelin  in  shiverer  mouse. 
Brain  Res  263,  336-339  (1983) 

136.  Alain  Privat,  Claude  Jacque,  Jean-Marie  Bourre, 
Pierre  Dupouey,  and  Nicole  Baumann:  Absence  of  the 
major  dense  line  in  myelin  of  the  mutatnt  mouse  shiverer. 
Neurosci  Let  12,  107-112(1979) 

137.  Jack  Rosenbluth:  Central  myelin  in  the  mouse  mutant 
shiverer.  J  Comp  Neurol  194,  639-648  (1980) 

138.  Ian  R.  Griffiths,  I.  Scott,  Mailis  C.  McCulloch, 
Jennifer  A.  Barrie,  K.  McPhilemy,  and  Bruce  M. 
Cattanach:  Rumpshaker  mouse:  a  new  X-linked  mutation 
affecting  myelination:  evidence  for  a  defect  in  PLP 
expression .  J Neurocytol  19.  273-283  (1990) 

139.  Franck  Bihl,  Claudia  Pena-Rossi,  Jean-Louis  Guenet, 
Michel  Brahic,  and  Jean-Francois  Bureau:  The  shiverer 
mutation  affects  the  persistence  of  Theiler's  virus  in  the 
central  nervous  system.  J  Virol  71.  5025-5030  (1997) 

140.  Prasan  Tangchai,  D.  Yenbutra  and  Athasit  Vejjajiva: 
Central  nervous  system  lesions  in  human  rabies.  A  study  of 
twenty-four  cases.  J  Med  Assoc  Thailand  53.  471-486 
(1970) 

141.  Ayse  Altintas,  Zeiling  Cai,  Larry  R.  Pease,  and  Moses 
Rodriguez:  Differential  expression  of  H-2K  and  H-2D  in 
the  central  nervous  system  of  mice  inffected  with  Theiler's 
virus.  J  Immunol  151,  2803-2812  (1993) 

142.  Jason  C.  Bartz,  Crista  Dejoia,  Tammy  Tucker, 
Anthony  E.  Kincaid,  and  Richard  A.  Bessen:  Extraneural 
prion  neuroinvasion  without  lymphoreticular  system 
infection.  J  Virol  79.  1 1 858- 1 1 863  (2005) 

143.  Kristen  M.  Drescher  and  Steven  M.  Tracy: 
Establishment  of  a  model  to  examine  the  events  involved  in 
the  development  of  virus-induced  demyelinating  lesions. 
Ann  NY  Acad  Sci  1130,  152-156(2007) 

Abbreviations:  CNS:  central  nervous  system;  CSF: 

cerebrospinal  fluid;  CTL:  cytotoxic  T  lymphocyte;  i.c.: 
intracerebral;  MBP:  LCMV:  lymphocytic 

choriomeningitis  virus;  MRI:  magnetic  resonance  imaging; 
MS:  multiple  sclerosis;  NFP:  neurofilament  protein;  p.i.: 
post-infection;  PLP:  proteolipid  protein;  PNS:  peripheral 
nervous  system;  TCR:  T  cell  receptor;  TMEV:  Theiler’s 
murine  encephalomyelitis  virus 

Key  Words:  TMEV,  MS,  review,  Theiler’s  Virus, 
Demyelinating  Disease,  Review 

Send  correspondence  to:  Kristen  M.  Drescher,  Ph  D., 
Department  of  Medical  Microbiology  and  Immunology, 


Creighton  University  School  of  Medicine,  2500  California 
Plaza,  Omaha,  NE  68178,  Tel:  402-280-2725,  Fax:  402- 
280-1875,  E-mail:  kdresche@creighton.edu 


3785 


